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This  program  is  directed  toward  development  of  an  I/J  band,  linear 
format,  injected-beam  crossed-field  amplifier  (II3CFA)  for  electronic 
warfare.  The  IBCFA  should  be  capable  of  power  output  of  1000W  peak, 
200W  average,  between  8.5  and  17C,Hz  with  20dR  gain.  A  laser-cut 
shaped-substrate  meander  line  is  used. 
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The  performance  objectives  for  E/F  band  CFA's  include  3kW  peak 
pulse  power  output  and  lkW  average  power  output,  20dB  gain,  2-4GHz, 
for  electronic  warfare;  and  2kW  peak  pulse  power  output  at  10-15% 
duty,  25dB  gain,  3.0  to  3.6GHz,  for  phased-array  radar.  One  E/F 
band  tube  has  been  built.  Preliminary  tests  at  10%  duty  directed 
toward  electronic  warfare  applications  showed  3kW  peak  power  at  mid¬ 
band,  1.5kW  at  2GHz ,  and  2.4kW  at  4GHz.  Increased  drive  power  leads  to 
greater  power  output  at  the  low  end  of  the  band,  indicating  the  need 
for  greater  circuit  length.  This  tube  will  be  tested  further  for 
'its  characteristics  in  the  phased  array  mode  and  for  full  rated  duty  in 
the  electronic  warfare  mode.  Another  E/F  band  tube  is  under  construc¬ 
tion,  this  one  with  increased  circuit  length.  ^ - 

Further  large-signal  calculations  for  theNI/J  band  tube  were 
performed  directed  toward  the  objectives,  and  final  design  parameters 
for  the  first  operating  tubes  were  chosen.  Parts  are  now  being 
fabricated. 

A  second  cold-test  model  of  an  earlier  design  was  build  and  tested 
Measured  values  of  delay  ratio  were  in  reasonable  agreement  with 
values  calculated.  Attenuation  was  also  in  reasonable  agreement  with 
calculations  but  only  after  a  meander  strip  0.003"  thick  was  added 
to  the  meander  strip  etched  from  the  metallizing.  Further  cold-test 
models  similar  in  configuration  to  the  operating  tube  design  are 
under  construction. 
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SECTION  I 


INTRODUCTION 

The  effort  in  this  program  is  directed  toward  the  development  of  a 
high-power  broad-band  low-cost  I/J-band  linear  format  crossed-field 
amplifier  (CFA)  for  electronic  warfare.  A  laser-cut  shaped-substrate 
meander  line  circuit  is  used.  In  addition,  E/F-band  CFA's  of  similar 
construction  are  to  be  built  which  can  be  applied  either  to  electronic 
warfare  or  phased-array  radar. 

The  laser-cut  shaped-substrate  meander  circuit,  a  concept  originat 
ed  by  ERADCOM  personnel,  is  potentially  a  major  cost  saving  measure,  re 
placing  a  set  of  80  or  more  individual  insulators  with  a  single  part. 
Furthermore,  the  individual  insulators  for  I/J-band  would  be  so  small 
as  to  be  impractical. 

The  objective  specifications  for  the  E/F-band  operating  model  for 
electronic  warfare  are  as  follows: 


Frequency 

2-4  GHz 

Peak  Power  Output 

3  kW 

Average  Power  Output 

1  kW 

Efficiency 

35% 

Gain 

20  dB 

Cathode  Voltage 

7  kV 

RF  Input  Impedance 

50  ohms. 

l-array  objectives  are  as  follows: 

Frequency  Range 

3. 0-3. 6  GHz 

Peak  Power  Output 

2  kW 

Duty 

10  -  15% 

Pulse  Duration  Capability 

100  usee 

with  Grid  Pulsing 

Grid  Cutoff  Voltage 

1  kV  max 

Efficiency  (incl.  heater) 

30% 

Gain 

23  dB  min 

Line-to-sole  Voltage 

10  kV  max 

In-Band  Power  Variation 

+  0.5  dB 

Input/Output  Connectors 

Coaxial 

Production  Cost  Objective 

$1 ,000  max. 
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The  performance  objectives  for  I/J-band  are  as  follows: 


Frequency  Range 
Peak  Power  Output 
Average  Power  Output 
Efficiency 
Gain 

Cathode  Voltage 
Input  Impedance 


8.5  -  17  GHz 
1  kW 
200  W 
30% 

20  dB 
8  kV,  max 
50  ohms 


In  a  previous  program  for  ERADCOM,  operating  E/F-band  CFA's  were 
built  which  have  demonstrated  the  effectiveness  of  the  laser-cut  shaped 
substrate  principle  [1],  Performance  was  comparable  with  standard  E/F- 


band  CFA's.  During  the  course  of  the  present  contract,  one  additional 
operating  E/F-band  CFA  has  been  built  and  tested  with  similar  results, 
and  another,  with  a  longer  circuit,  is  under  construction. 

Additional  I/J-band  cold-test  models  have  been  built  and  tested. 
Attenuation  represents  the  most  critical  parameter.  Calculations  indicate 
that  acceptable  attenuation  can  be  achieved,  but  test  results  are  ambiguous 
above  12  GHz.  An  improved  cold-test  model  is  under  construction.  Parts 


for  an  operating  tube  are  being  fabricated,  with  the  design  determined 
from  calculations. 
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SECTION  II 


E/F-BAND  TUBES 

The  first  E/F-band  CFA  in  this  program  has  been  built,  using  the  same 
length  circuit  as  those  previously  built.  Initial  tests  for  the  electronic 
warfare  mode  (1.5  A  peak  be  n  current)  show  substantially  the  same  power 
output  and  efficiency  at  mid-band  as  the  first  CFA  with  a  laser-cut  substrate. 
At  the  high  frequency  end  of  the  band  power  output  and  efficiency  are  better, 
and  they  are  not  as  good  at  the  low-frequency  end  of  the  band.  Performance 
across  the  band  under  these  conditions  and  at  10%  duty  are  shown  in  Figure  1. 
From  2  to  2.6  GHz,  power  output  is  strongly  dependent  on  RF  drive  power, 
indicating  that  a  longer  circuit  is  desirable.  Power  output  as  a  function 
of  RF  drive  in  this  frequency  range  is  shown  in  Figure  2. 

A  second  E/F-band  CFA,  designed  for  a  circuit  length  six  bars  greater 
than  before,  is  under  construction.  Assembly  can  be  completed  as  soon  as 
laser  cutting  of  substrates  has  been  completed. 
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Fiqure  1.  Power  Output  vs.  Frequency,  E/F  Band  CFA 
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Figure  2.  Power  Output  vs.  RF  Drive,  E/F  Band  CFA 
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SECTION  III 
I/J-BAND  TUBES 

3.1  Design  Calculations 

Another  series  of  large-signal  calculations  was  made.  These  cal¬ 
culations  were  confined  to  values  of  pitch  of  0.014"  and  0.016".  As  an 
additional  modification  to  the  computer  program,  it  was  attempted  to  take 
into  account  the  injection  of  a  cycloiding  beam  instead  of  a  rectilinear 
beam.  In  actual  operating  CFA's,  the  small-signal  gain  measured  is  greater 
than  that  calculated.  If  there  is  cycloiding,  the  centroid  of  the  beam 
is  closer  to  the  circuit,  the  effective  coupling  impedance  at  the  level  of 
the  beam  is  therefore  greater,  and  the  small  signal  gain  is  greater.  Cal¬ 
culated  results  showed  less  small-signal  gain  with  cycloiding  than  without. 
Further  study  of  the  mathematical  model  is  needed.  A  final  design  for  the 
I/J  band  operating  models  has  been  determined  based  on  the  large-signal 
calculations  without  cycloiding.  The  length  of  the  circuit  was  reduced 
arbitrarily  from  1.8  incnes  to  1.5  inches  based  on  experience.  The  pitch 
is  to  be  0.014"  on  a  substrate  thickness  of  0.006",  as  previously  contem¬ 
plated. 

3.2  I/J-Band  Circuits 

Another  cold-test  circuit  was  built  to  the  same  design  as  the 
previous  cold-test  circuit  (0.018"  pitch,  0.006"  substrate  thickness). 
Although  the  substrate  was  cracked  at  the  center,  results  for  this  model 
were  much  improved. 

The  first  set  of  tests  was  made  with  the  meander  circuit  consisting 
only  of  the  metallized  layer.  Because  of  the  crack  in  the  substrate  only 
about  half  of  the  50  bars  were  useful  in  the  tests,  and  little  meaningful 
test  results  could  be  taken  above  12  GHz. 
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A  photo-etched  meander  0.003“  thick  was  then  bonded  to  the  substrate 
and  measurements  repeated.  It  was  now  possible  to  measure  phase  velocity 
to  above  17  GHz.  Attenuation  measurements  were  still  limited  to  the  re¬ 
gion  below  12  GHz. 

Results  of  phase  velocity  measurement  with  and  without  the  0.003" 
add-on  meander  are  shown  in  Figure  3.  Also  shown  are  calculated  phase 
velocity  measurements  for  both  cases.  The  method  of  calculation  is  describ¬ 
ed  in  the  Appendix. 

As  to  attenuation,  the  values  measured  by  resonance  for  the  thin 
meander  circuit  between  8  and  12  GHz  are  about  0.5  dB  per  delayed  wave¬ 
length,  as  compared  with  calculated  values  in  the  range  of  0.33-0.27  dB 
per  delayed  wavelength  from  8  to  12  GHz.  For  the  circuit  with  the  add-on 
meander  the  measured  values  are  in  the  range  of  0.34  to  0.38  dB  per  delayed 
wavelength,  as  compared  with  calculated  values  of  0.37  to  0.33  dB  per  de¬ 
layed  wavelength  going  from  8  to  12  GHz. 

The  calculations  indicate  that  progressively  thinner  circuits  correspond 
to  less  attenuation,  limited  only  by  the  assumption  that  the  circuit  thick¬ 
ness  is  several  times  the  skin  depth.  Numerical  results  for  the  thick  (i.e., 
0.003")  I/J-band  meander  circuits  are  comparable  with  observed  values.  The 
calculations  do  not  explain  the  much  higher  values  of  attenuation  observed 
when  the  meander  consists  of  the  metallized  layer  only.  The  skin  depth  in 
copper  at  10  GHz  is  0.66  pm,  and  the  nominal  thickness  of  copper  is  6  pm. 
Roughness  at  the  edges  of  the  meander  as  a  result  of  the  photo-etching  is 
suspected  to  contribute  to  the  excess  losses. 
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Add-On  Meander  0.003"  Thick 
Calculated,  Weiss  Equation 


Frequency  (GHz) 

Phase  Velocity,  I/J  Band  Cold-Test  Circuit 


The  next  series  of  cold-test  circuits  is  still  under  construction. 

Some  serious  delays  were  encountered  due  to  reasons  which  were  not  fund¬ 
amental  to  the  new  technology.  First  there  were  delays  due  to  malfunct¬ 
ioning  of  the  sputtering  equipment.  In  one  lot  of  three  metallized 
coupons  sent  out  for  etching  meander  patterns,  all  three  were  broken 
during  the  process.  One  lot  of  coupons  etched  in  house  failed  because 
the  copper  layer  which  was  depended  upon  to  resist  the  etchant  used  to  remove 
Molybdenum  also  eroded  the  copper  excessively.  One  coupon  etched  success¬ 
fully  in  house  was  broken  by  a  vendor  in  dicing  the  coupon  into  individual 
substrates.  Another  coupon  etched  in  house  had  a  corner  broken  off;  there 
was  enough  remaining  of  this  coupon  that  four  usable  substrates  were  diced 
from  it.  It  is  significant  that  in  every  case  of  breakage  mentioned  above, 
the  same  vendor  or  in-house  organization  performed  the  same  operation  pre¬ 
viously  and  subsequently  with  success.  Greater  care  and  in  some  cases 
better  handling  procedures  are  required  and  are  being  implemented.  The 
problems  are  not  fundamental  and  do  not  involve  the  operation  considered 
most  critical,  the  laser  cutting. 

The  sequence  of  fabricating  the  meander  circuit  has  been  reviewed 
once  more.  The  process  of  attaching  the  add-on  photo-etched  meander  after 
laser  cutting  has  not  been  altogether  satisfactory  because  of  the  flimsiness 
of  that  part.  Two  new  options  have  been  considered: 

(1)  Achieve  a  thicker  copper  layer  on  the  substrate  before  photo¬ 
etching  so  that  the  add-on  meander  is  unnecessary. 

(2)  Build  up  the  meander  thickness  by  electroforming  with  photo¬ 
resist  in  place. 
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The  first  of  these  two  options  requires  only  one  photo-etching  pro¬ 
cedure,  thus  leading  to  simplification  and  cost  reduction.  One  approach 


to  realizing  the  thicker  copper  layer  is  to  bond  on  a  layer  of  foil  by 
the  same  diffusion-bonding  process  now  used  to  attach  the  add-on  meander. 

An  experiment  was  performed  in  which  such  a  layer  of  foil  0.002"  thick 
was  bonded  to  a  metallized  BeO  ceramic  substrate  2"  x  0.75"  x  0.022"  thick, 
and  it  was  etched  to  form  a  strip  0.008"  wide  and  about  0.722"  long.  A 
60  Hz  current  of  about  10  A  was  passed  through  this  strip,  with  the  opposite 
side  of  the  substrate  bearing  on  a  cold  plate.  The  temperature  of  the  copper 
strip  was  measured,  and  the  temperature  rise  was  found  to  be  close  to  cal¬ 
culated  value  in  terms  of  the  thickness  of  the  ceramic.  Therefore  the  bond¬ 
ing  was  considered  satisfactory.  A  disadvantage  of  this  approach  is  that 
etching  is  possible  from  only  one  side,  and  undercutting  is  therefore  great¬ 
er  than  in  the  case  of  the  add-on  meanders  which  may  be  etched  from  both 
sides.  This  disadvantage  is  not  serious  if  the  meander  can  be  0.001"  thick 
or  less.  In  this  particular  case  undercutting  due  to  etching  was  not  ser¬ 
ious. 

The  procedure  of  building  up  the  meander  by  plating  with  photo-resist 
in  place  would  overcome  the  problem  of  undercutting.  However  it  is  necessary 
either  to  perform  two  photo-masking  operations,  one  after  metallizing  to 
form  a  thin  meander,  or  to  remove  the  metallization  between  meander  bars 
by  a  light  etch  after  the  meander  has  been  built  up.  In  the  latter  case, 
one  depends  on  the  fact  that  the  built-up  meander  is  thick  enough  that  it 
is  not  significantly  damaged  by  the  etching.  A  previous  I/J-band  meander 
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circuit  was  subjected  to  etching  to  remove  unwanted  metallizing  after  the 
add-on  meander  had  been  bonded  to  the  substrate.  The  resulting  circuit 
had  greatly  increased  RF  losses  for  reasons  not  yet  understood.  Therefore 
the  photo-forming  approach  is  not  now  being  pursued. 

Meanwhile  the  photo-etched  add-on  meander  has  been  redesigned  to  in¬ 
corporate  two  webs  instead  of  one  between  successive  segments  to  stiffen  it. 
3.3  Input/Output  Windows 

A  coaxial  window  design  suitable  for  the  required  output  power  level  at 
frequencies  up  to  18  GHz  has  been  designed.  The  frequency  limitation  de¬ 
pends  primarily  on  the  TMoi  mode,  which  is  excited  by  the  step  on  the 
center  conductor  necessary  for  impedance  matching.  If  this  mode  is  cut 
off,  the  effect  of  the  TM0(  mode  is  a  localized  capacitance  which  may  be 
easily  compensated  for.  If  this  mode  can  propagate,  a  serious  mismatch 
occurs.  For  the  previously  tested  window  designed  for  an  X-band  radar 
CFA  the  calculated  TM0(  cut-off  occurs  at  about  14.5  GHz,  which  is  close  to 
its  measured  upper  limit  for  good  matching.  In  the  new  design,  the  cal¬ 
culated  TMol  cut-off  occurs  at  18.2  GHz.  An  unbrazed  coaxial  window  of 
this  design  was  constructed  using  synthetic  dielectric  material  instead 
of  BeO  ceramic.  Maximum  VSWR  between  2  and  18  GHz  was  1.2  as  shown  in 
Figure  4.  Parts  for  brazed  windows  for  operating  tubes  have  been  ordered. 
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SECTION  IV 


FURTHER  WORK  TO  BE  PERFORMED 

4.1  E/F-Band  CFA's 

The  most  recently  built  E/F-band  CFA  is  to  be  tested  further,  first 
for  extended  bandwidth  in  the  3kW  (electronic  warfare)  mode,  then  in  the 
2kW  (phased  array  radar)  mode.  Finally  the  duty  factor  will  be  increased 
for  evaluation  at  full  average  power.  This  tube  is  a  good  candidate  for 
testing  at  high  average  power,  since  the  thermal  integrity  of  the  circuit 
was  very  good  according  to  measurements  made  during  assembly. 

The  second  tube  will  be  assembled  after  at  least  one  additional  sub¬ 
strate  has  been  photo-etched  and  laser  cut. 

4.2  I/J-Band  CFA's 

Two  different  options  are  being  pursued  in  parallel  for  fabrication 
of  the  substrate  and  meander  circuit  assembly.  One  of  them  incorporates 
the  add-on  meander,  for  which  the  advantages  and  disadvantages  are  well 
understood.  The  second  is  to  add  a  layer  of  copper  foil  onto  the  blank 
substrate,  and  then  to  etch  the  meander. 

One  or  more  cold-test  models  for  a  circuit  of  0.014"  pitch  on  a  sub¬ 
strate  0.006"  thick  will  be  completed  and  tested.  These  models  will  use 
the  add-on  meander  approach.  One  of  the  objectives  of  these  cold  test 
models  is  to  establish  the  input/output  RF  matching. 

Brazed  models  of  the  input/output  coaxial  window  assembly  are  to  be 
built  and  tested  for  RF  matching. 

Parts  for  three  I/J-band  tubes  are  now  being  fabricated,  and  these 
tubes  are  to  be  assembled  and  tested. 
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APPENDIX 


Design  Calculations  for  Meander  Circuits* 

A.l  Arrays  of  Bars  on  Dielectric  Supports 

The  properties  of  many  types  of  slow-wave  structures  may  be  derived 
from  the  geometry  of  an  array  of  parallel  bars  supported  on  a  dielectric 
support  where  the  bars  are  perpendicular  to  the  direction  of  propagation. 

The  subject  considered  here  is  shaped  dielectric  loading,  an  example  of 
which  is  shown  in  Figure  5,  rather  than  a  continuous  dielectric  support. 

An  analytical  design  approach  to  various  slow  wave  circuits  which 
consist  of  arrays  of  bars  is  presented  by  the  Leblond  and  Mourier  [2]. 

(Also  see  Arnaud  [3]).  This  work  is  based  on  relating  the  bar-to-bar  and 
the  bar- to-ground  capacitances  to  phase  shift  per  bar  and  to  frequency, 
taking  into  account  the  boundary  conditions  appropriate  to  the  circuit 
under  consideration  (e.g.,  meander,  ladder,  interdigital,  etc.).  No 
method  of  predicting  these  capacitances  for  shaped  dielect. ics  was  presented 
Furthermore,  no  consideration  was  given  to  the  fact  that  the  phase  velocity 
of  a  wave  is  dependent  on  the  proportion  of  electromagnetic  energy  falling 
within  the  dielectric,  which  is  a  function  of  phase  between  bars;  in  most 
configurations  the  dielectric  between  bars  is  largely  space,  and  the  cap¬ 
acitance  from  a  bar  to  ground  is  largely  in  the  dielectric  medium.  The 
wave  is  approximated  as  a  TEM  wave,  a  good  approximation  if  dimensions  are 
small  compared  to  a  free  space  wavelength. 

*  The  computer  program  described  here  was  developed  under  U.S.  Air 
Force  Avionics  Laboratory  support.  Contract  No.  F33615-79-C-1 752. 


ay  of  Parallel  Conductive  Strips  Supported 
Dielectric  Bars. 


Analysis  of  a  pair  of  conducting  strips  separated  from  a  conducting 
plane  by  a  continuous  dielectric  is  well  known,  for  example  see  Bryant 
and  Weiss  [4].  Weiss  extended  this  work  further  to  consider  an  array 
of  thin  strips,  and  by  appropriate  boundary  conditions  applied  this  analysis 
to  a  meander  [5].  Weiss  does  take  into  account  that  the  velocity  of 
propagation  along  the  strips  (with  a  TEM  approximation)  is  dependent  on 
phase  difference  between  bars,  as  was  also  done  for  the  analysis  of  pairs 
of  strips  on  a  dielectric.  A  propagating  wave  solution  in  the  dielectric 
and  in  space  on  the  side  of  the  circuit  away  from  the  ground  plane  is 
found.  This  method  of  solution  is  well  suited  for  a  thin  circuit  and  con¬ 
tinuous  dielectric. 

The  method  of  analysis  described  here  is  based  on  a  static  field  analysi 
of  the  fields  between  bars,  to  determine  the  equivalent  capacitance  per  unit 
length  when  each  bar  of  the  array  is  at  the  same  RF  potential,  and  also 
when  adjacent  bars  are  180°  out  of  phase.  The  assumed  configuration  for 
computer  modeling  is  shown  in  Figure  6.  Only  half  of  one  bar  is  consider¬ 
ed,  with  the  right-hand  and  left-hand  boundary  conditions  established  from 
symmetry. 

For  the  zero  mode,  the  potential  of  the  conducting  strip  is  set  equal 
to  1.0  and  that  of  the  ground  plane  to  0.  There  is  essentially  no  field 
above  the  conductive  strip,  and  therefore  surface  C  is  fixed  at  potential 
1.0.  Surfaces  A,  B,  and  D  are  by  symmetry  Neumann  boundaries  at  which  the 
derivative  of  the  potential  normal  to  the  surface  is  zero. 
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Figure  6.  Half-Pitch  Cross  Section  for  Computer  Modeling 


For  the  tt  mode,  the  conductive  strip  is  set  at  potential  0  +  jl, 
and  each  adjacent  strip  will  be  at  potential  0  -  jl.  Surface  D  is  at  a 
potential  of  0  by  symmetry.  Surface  C  is  also  set  at  a  potential  of  0, 
and  is  located  far  enough  away  from  the  conductive  strip  that  its  effect 
on  the  field  near  the  circuit  is  negligible.  In  the  cylindrical  case  C 
is  the  axis  for  both  modes. 

The  conventional  difference  equations,  in  either  rectangular  or 
cylindrical  coordinates  and  with  appropriate  variation  of  the  mesh  parameters 
at  the  dielectric  boundaries,  are  solved  by  the  Liebmann  method  [6],  For 
simplification  of  the  program,  all  boundaries  lie  on  mesh  points. 

Capacitance,  C,  is  calculated  from  electric  energy,  l)E,  where: 
l)£  =  1/2  e0  /  /  /  crE2  dx  dy  dz. 

UE  =  1/2  C V2 


(1) 


Normalized  capacitance  per  unit  length,  Cn,  is  given  by  the  following, 
remembering  that  V  =  1: 

C n  =  /  /  erE2  dy  dz  (2) 

The  capacitance  calculated  on  the  half-bar  basis  must  be  doubled  to 
determine  the  actual  capacitance  per  bar.  The  effective  dielectric  constant 
is  determined  by  repeating  the  solution  with  the  dielectric  material  re¬ 
placed  by  space  but  with  the  other  boundary  conditions  the  same  (cf.  Weiss 
[4]).  The  effective  dielectric  constant  is  the  ratio  of  the  capacitance 
determined  from  the  first  solution  to  that  from  the  latter.  For  the  zero 
mode,  let  C0  be  the  capacitance  calculated  with  the  dielectric  present, 
and  Cou  be  the  capacitance  without  the  dielectric  material.  The  effective 
dielectric  constant  for  the  zero  mode  is:  =  C0/Cou.  If  C  and  C.„u  are 

corresponding  values  for  the  n  mode,  the  effective  relative  dielectric 
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constant  for  the  it  mode  is:  =  C^/C^. 

For  intermediate  values  of  phase  shift,  the  capacitance  per  unit  length 
per  bar  is  determined  from  linear  combinations  of  these  capacitance  values. 

The  potential  from  bar  to  ground  is  cos  (<j>/2)  +  j  sin  (<J>/2).  The  effective 
capacitance  is  given  by: 

ceff  (<t>)  =  c0  cos2 (<J>/2 )  +  sin  2(<t>/2)  (3) 

The  effective  dielectric  constant  is: 

eeff  (<*>)  =  C0  cos  2 U/2)  +  Cn  sin2(4>/2)  (4) 

Cou  cos 2 ( <}>/2 )  +  C™  sin2  (4>/2) 

The  characteristic  impedance  along  a  bar  is  given  by: 

Z0(<),)  =  377/£eff4)/Cn(<i>)  (5) 

where  Cn(<f>)  is  a  normalized  value,  equal  to  actual  capacitance  per  unit 

length  divided  by  the  permittivity  of  space.  The  velocity  of  propagation 

is  equal  to  C//eeff(<fO  where  eeff(4>)  is  the  relative  dielectric  constant. 

A. 2  Meander  Circuits 

The  general  method  of  analysis  of  bar  lines  described  by  Leblond  and 
Mourier  [2]  has  been  applied  specifically  to  the  meander  circuit  by  Sobotka  [7], 
The  dispersion  relationship  is  given  by • 

tan2 (4>/2)  =  tan2(kA/2)  Y0  +  jY,  sin2(cj,/2)  +  4y2  cos2(2<j>/2) . . . 

Y0  +  4y,  cos2  (cp/2 )  +  4y2  cos2  (2<p/2) . . . 

In  the  above,  k  is  the  propagation  constant  along  each  bar,  A  is  the  length 

of  each  bar,  Yo  1S  the  capacitance  from  each  bar  to  ground,  y,  is  the 

capacitance  from  each  bar  to  the  adjacent  bar  (including  only  that  electric 
flux  directly  between  the  bars),  y2  is  the  capacitance  from  each  bar  to  the 
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second  adjacent,  etc.  It  is  assumed  that  the  connections  from  bar  to  bar 
at  the  ends  have  zero  impedance.  The  values  of  y.. ,  v,t  etc.  are  in  practice 
negligible.  Applying  the  present  analysis,  y0  =  C0,  and  it  may  be  shown 
that  Yo  +  ,  =  C^.  This  solution  requires  that  the  propagation  velocity 

along  the  bars  be  independent  of  phase. 

To  determine  a  solution  for  the  meander  line,  Weiss  [4]  defines  even 
and  odd  mode  quantities  according  to: 

eeven  =  e(4>);  codd  =  +  v) 

^even  =  (m/c)/£even;  ^odd  =  (a>/c)/£odd 
Zeven  _  ^o^)>  ^odd  =  ^o^  +  71 ) 

As  with  Sobotka,  Weiss  assumes  short  circuits  at  the  ends  of  the  bars. 

The  dispersion  law  for  forward  waves  is  then  given  by: 

tan2  -f  =  tan  (kevenA/2)tan(koddA/2)  (7) 

It  may  be  shown  that  if  teven  =  eodd,  if  Cn  =  y0  +  ,  and  if  y2 ,  Y3»  etc.  are 

neglected,  the  above  expression  is  equivalent  to  (6). 

In  either  method  of  analysis,  the  coupling  impedance,  equal  to  |E|2/2G2p, 
is  determined  from  the  stored  energy  and  group  velocity.  The  propagating  energy 
per  unit  length,  W,  is  easily  calculated  from  the  effective  capacitance. 

Power,  P,  is  equal  to  Wvg,  where  Vg,  the  group  velocity  is  found  from  the 
slope  of  the  dispersion  curve.  The  E-field  has  been  assumed  constant  between 
bars,  and  little  change  is  made  in  the  results  by  integrating  the  computed 
E-field. 
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A  typical  meander  line  circuit  is  shown  in  Figure  7.  Vanes  project 
upward  between  bars  to  decrease  the  ratio  of  y,  to  y0  (in  Sobotka's  nota¬ 
tion),  or  to  make  C0  more  nearly  equal  to  and  therefore  to  make 
and  koc|d  more  nearly  equal  to  Zeven  and  keven  in  Weiss's  notation.  Cal¬ 
culated  dispersion  curves  for  a  representati ve  meander  circuit  of  such 
a  design  are  shown  in  Figure  8,  using  the  dispersion  equations  of  both 
Sobotka  and  Weiss.  Also  shown  are  two  representative  experimental  curves. 
It  was  necessary  to  choose  k,  the  propagation  constant  along  the  bars, 
arbitrarily  for  the  Sobotka  equation  as  equal  to  (cj/c)(/e0+/e1t)/2,  a  value 
which  gives  a  good  fit  to  experimental  results. 

At  certain  frequencies,  expression  (7)  may  be  negative  on  the  right 
side.  This  represents  a  stop  band  which  is  always  observed  in  meander 
circuits  in  the  neighborhood  of  <J>  =  n.  Figure  9  shows  an  u>  -  B  plot  for 
a  meander  circuit,  observed  and  calculated  from  equation  (7).  The  observed 
stop  band  is  greater  than  that  calculated.  This  is  attributed  to  the 
finite  impedances  at  the  ends  of  the  bars,  which  would  cause  a  stop  band 
even  if  keven  and  k0dd  were  equal. 

Figure  10  compares  observed  and  calculated  coupling  impedance  for  the 
same  circuit  as  in  the  dispersion  curves  of  Figure  8. 

If  the  electric  fields  are  known,  the  corresponding  magnetic  fields 
and  therefore  the  current  distribution  on  the  bars  and  ground  plane  can  be 
used  to  calculate  RF  losses.  The  RF  loss,  W,  oer  unit  width,  of  a  mesh 
element,  &x»  is  given  by: 

AW  =  1  j2rs  Ax 

where  J  is  the  peak  value  of  current  density  and  Rs  is  the  surface  re- 
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Meander  Line  (Vane  Configuration  Indicated) 


Figure  8.  Phase  Velocity  vs.  Frequency  of  Meander  Line 
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Figure  10.  Coupling  Impedance  of  Meander  Line  at  the  Level  of  the  Circuit 


sistance.  Over  most  surfaces,  the  surface  resistivity  is  simply  that  of 
copper  at  the  frequency  of  interest.  On  the  metallized  surfaces,  where 
the  metallizing  layer  is  Ti-Mo-Cu,  the  effect  of  the  thin  layer  of  molybdenum 
is  taken  into  account.  Figure  11  shows  the  calculated  results  for  tubes 
of  the  same  design  as  in  Figures  9  and  10,  with  two  different  thicknesses 
of  molybdenum  in  the  metallized  layer.  Measured  attenuation  for  three 
representative  samples  of  tubes  is  also  plotted. 
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Figure  11.  Attenuation  of  Meander  Line 
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